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Inter-electrode gapAbstract In counter-rotating electrochemical machining (CRECM), a revolving cathode tool with
hollow windows of various shapes is used to fabricate convex structures on a revolving part. During
this process, the anode workpiece and the cathode tool rotate relative to each other at the same
rotation speed. In contrast to the conventional schemes of ECM machining with linear motion
of a block tool electrode, this scheme of ECM is unique, and has not been adequately studied
yet. In this paper, the ﬁnite element method (FEM) is used to simulate the anode shaping process
during CRECM, and the simulation process which involves a meshing model, a moving boundary,
and a simulation algorithm is described. The simulated anode proﬁles of the convex structure at
different processing times show that the CRECM process can be used to fabricate convex structures
of various shapes with different heights. Besides, the variation of the inter-electrode gap indicates
that this process can also reach a relative equilibrium state like that in conventional ECM. A
rectangular convex and a circular convex are successfully fabricated on revolving parts. The
experimental results indicate relatively good agreement with the simulation results. The proposed
simulation process is valid for convex shaping prediction and feasibility studies as well.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the rapid developments in the aerospace industry, there is
an increasing requirement for processing technology of high-
strength, low-weight, metallic, and intermetallic materials such
as titanium alloys and nickel-based super alloys.1,2 Unlike tradi-
tional machining methods, the electrochemical machining
(ECM) process is an anodic electrochemical dissolution process,
which can effectively remove difﬁcult-to-cut materials without
tool wear, machining stress, and plastic deformation.3,4
Fig. 1 Simpliﬁed physical model of the electric potential
domain.
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cessfully yielded by using ECM. A high-efﬁciency ECM
method of blade integrated disk (blisk) channels was pro-
posed.5 By controlling the space trajectories of three stainless
steel tubes, three blisk channels could be produced at the same
time with good quality. ECM also achieved good performance
in inner surface polishing of gun barrel chambers.6
Micro-dimple arrays on cylindrical inner surfaces have been
fabricated during electrochemical micromachining using a
dry-ﬁlm photoresist.7 In addition, ECM has been used to
machine titanium work samples for biomedical applications.8
There are many revolving parts in the aerospace industry
such as rocket engine parts and jet engine rings.3 These revolv-
ing parts are usually thin-walled and have many convex struc-
tures with various shapes on the surface. In conventional
sinking ECM, multiple working stations are needed to obtain
a required surface proﬁle. According to the different shapes of
the convex structures, more than one tool electrodes have to be
prepared. For example, as reported in the ECM of aero-engine
casing, eight block tool electrodes were used to complete the
machining in as many as ﬁfteen working stations.9 Besides, a
secondary processing is sometimes needed to remove the
rib-like remnants on the anode surface which are caused by
tool replacements and inlets of the electrolyte. This results in
a time-consuming and high-cost machining process. Counter-
rotating electrochemical machining (CRECM) was proposed
to fabricate convex structures on a revolving part.10 During
this process, a revolving cathode tool with insulated windows
rotates relative to the anode workpiece at the same rotation
speed, and moves toward the anode workpiece at a constant
feed rate. All the convex structures on the anode workpiece
can be machined at the same time by using a single tool elec-
trode. There is no need to change tool electrodes and working
stations during CRECM. This can signiﬁcantly improve the
machining efﬁciency.
Due to the unique structures and movements of the elec-
trodes, the CRECM process is quite different from conven-
tional sinking ECM. Thus, it is necessary to make feasibility
studies on this ECM process. Computer simulation is an effec-
tive and low-cost method to predict the anode shaping process,
and it has been successfully used in other studies. Numerical
methods in computer simulation include the ﬁnite difference
method, the ﬁnite element method (FEM), the boundary ele-
ment method (BEM), and the ﬁnite volume method (FVM).
In a computer numerical controlled ECM process, simulation
was introduced to solve process planning, parameter optimiza-
tion, and control problems.11 Software for computer-aided
engineering was developed to solve the direct and inverse prob-
lems of shaping by electrochemical generating machining
(ECGM).12 The use of the BEM in modeling of simple milling
and turning features has been described,13 and the three-
dimensional ECM of the letter ‘‘E” was described elabo-
rately.14 The FVM has been developed for simulations of ﬂow
in complex geometries.15 Furthermore, the FEM was selected
to predict the anodic dissolution process and identify the etch-
ing behavioral trends under different parameters during the
through-mask electrochemical micromachining process.16
The eroded size during the fabrication of gas turbine blade
turbulated cooling hole in ECM was determined using the
FEM, and the results showed good agreements between the
predicted and experimental results.17Because of the more complex movements than those in the
linear feed ECM process, the numerical simulation of the
CRECM process is more complicated. In this paper, the simu-
lation process is on the basis of the FEM. A mathematical
model is established and the detailed simulation algorithm is
developed according to electric ﬁeld theories and the kinematic
equations of the electrodes. An experiment is conducted to ver-
ify the validity of the simulation process. It is shown that the
proposed simulation process is valid for convex shaping pre-
diction and feasibility studies of the CRECM process as well.
2. Mathematical model
In this paper, analysis of the physical model is simpliﬁed, and
the following assumptions are made: (1) the electrodes are
deﬁned as equipotential surfaces; (2) the current density distri-
bution on the anode surface is dominated by ohmic effects;
(3) the concentration of the electrolyte is assumed to be
uniform during the whole process; and (4) the electrolyte ﬂow
within the inter-electrode gap is assumed to be ideal, with the
electrical conductivity j being approximately equal to a
constant value. To reduce computation during the simulation,
a portion of the arc segment of the anode workpiece that
contains a convex structure is selected for study, as shown in
Fig. 1. Points O and O1 represent the centers of the anode
workpiece and the cathode tool, respectively, and Oxy repre-
sents the workpiece coordinate, which is set absolute during
the simulation process.
The distribution of the electric potential u in the electrolyte
domain X satisﬁes the Laplace equation:18
r2u ¼ 0 ð1Þ
As the whole process takes place in a reactor that is made of
a PVC material, boundaries C13–C16 are electrically insulated
from the electrolyte. Furthermore, the additional anode and
cathode surfaces are set to be insulated in order to correspond
with the actual process. The interior walls of the cathode
window are also insulated to decrease the inﬂuence of stray
current attack during processing. Therefore, the boundary
conditions are as follows:
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ujC5;9 ¼ 0 ð3Þ
@u
@n
jC24;68;1016 ¼ 0 ð4Þ
where U represents the potential difference between the anode
workpiece and the cathode tool.
The current density j can be described by Ohm’s law:
j ¼ jru ð5Þ3. Simulation process
3.1. Meshing model
The current density distribution based on Eqs. (1)–(5) is calcu-
lated using the FEM. As shown in Fig. 2, the analytical model
is divided into a series of small triangular elements, and the
grids of the narrow inter-electrode gap are reﬁned to obtain
higher simulation accuracy. To avoid a distorted mesh during
simulation, a remesh process for the analytical domain is
adopted in each cycle.
3.2. Moving boundary
The simulation of the process is a moving boundary problem
because the shape and position of the electrodes are
time-dependent. The electrodes have much more complex
movements than the simple linear motion of a cathode tool
in conventional sinking ECM. As shown in Fig. 1, two sets
of control points, {Pi} and {Kl}, are created to construct the
boundaries of the anode workpiece and the cathode tool. To
reﬂect the continuously changing anode surface proﬁle with
reasonable accuracy during simulation, hundreds of points
{Pi} are usually necessary. For the convenience of research
on the anode shaping process during CRECM, the anode
workpiece is assumed to be motionless, and the cathode tool
can be considered to move in rotation and revolution at a
constant rotation speed (see Fig. 1).Fig. 2 Meshing model in the FEM.3.2.1. Movement of cathode points
Based on the above assumption, the control point Kl (xk, yk) of
the cathode boundary satisﬁes the following kinematic
equations:
xKlðtÞ ¼ ðRa0 þRc þG0  ftÞ cosðaþ 2pwtÞ þRKl cosðbþ 4pwtÞ
ð6Þ
yKlðtÞ ¼ ðRa0 þ Rc þ G0  ftÞ sinðaþ 2pwtÞ þ RKl sinðbþ 4pwtÞ
ð7Þ
where Ra0 is the initial radius of the anode workpiece, mm, Rc
is the radius of the cathode tool, mm, G0 is the initial minimum
inter-electrode gap, mm, f is the cathode feed velocity,
mmmin1, t is the processing time, min, w is the rotation
speed, r/min, a is the initial polar angle of the cathode tool,
rad, RKl is the polar radius of point Kl, mm, and b is the initial
polar angle of point Kl, rad.
3.2.2. Nodal displacement on the anode surface
The changes of the anode shape are determined by the material
removal rate on the surface. At each time step, the current den-
sity is calculated by solving the Laplace equation using the
FEM. Fig. 3 shows the initial electric ﬁeld distribution, where
the magenta arrows represent the directions of the current
ﬂow, and their lengths represent the intensities of the current
density. V, Vx, and Vy are the anode shape change rates of
control point Pi along normal, x, and y directions. Based on
Faraday’s law, the anode shape change rate V can then be
derived from:
dðPiðx; yÞÞ
dt
¼ VPi ¼ gxj ð8Þ
where g represents the current efﬁciency and x represents the
volume electrochemical equivalent which is determined by
the metal composition of the anode workpiece.
3.2.3. Time discretization
During the non-stationary anode shaping process, the whole
process can be divided into M circles, according to the revolu-Vx
VyV
Pi
Fig. 3 Initial electric ﬁeld distribution within the electrolyte
domain.
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cretized into N short time periods. The whole processing time
is assumed to be T, and the time step Dt can be calculated as:
Dt ¼ T
MN
¼ 1
wN
ð9Þ
Fig. 4 shows a schematic diagram of the moving boundaries
at different time periods in the mth circle. The coordinates of
the cathode point Kl (xk, yk) in the mth circle and nth time per-
iod are:
xKlðtÞ ¼ xKl
m 1
w
þ ðn 1ÞDt
 
ð10Þ
yKlðtÞ ¼ yKl
m 1
w
þ ðn 1ÞDt
 
ð11Þ
For the anode surface, the change of point Pi after each
computational time step Dt can be expressed as:
xnþ1pi ¼ xnpi þ vxDt ð12Þ
ynþ1pi ¼ ynpi þ vyDt ð13Þ
where ðxnpi ; ynpiÞ and ðxnþ1pi ; ynþ1pi Þ are the coordinates of Pi in the
nth and (n+ 1)th cycle, while vx and vy are the values of the
removal rate.
3.3. Simulation algorithm
Fig. 5 is a ﬂowchart illustrating the simulation algorithm of the
anode shaping process. It can be seen that two loops are
involved in the simulation algorithm. In the external loop,
the count of revolutions m ranges from 1 to M, and in the
internal loop, the processing time is divided into N short time
periods. Thus, there are M  N computational cycles requiredFig. 4 Schematic diagram of the moving bouin total. The control points and the electrolyte domain X are
changed after each computational cycle time.
4. Results and discussion
4.1. Simulation results
To predict the convex shaping process during CRECM, the
anode proﬁles at different processing times are recorded during
simulation. The relative parameters are listed in Table 1.
In order to take the current efﬁciency into account, the
current efﬁciencies at different current densities of the
nickel-based alloy Inconel 718 in 106 g/L NaNO3 solution
have been measured.19
4.1.1. Convex structure formation
For a rectangular convex structure, the anode proﬁles in differ-
ent cross sections stay the same. As the current densities in the
corresponding areas of the cathode window are much lower
than those in other sections, the removal amounts are much
less, according to Faraday’s law. The convex structure forms
gradually with variation of the motion trails. Fig. 6 shows
the convex proﬁles at different processing times. It can be seen
that the convex proﬁles are in accord with the motion trails of
the edge points A and B of the cathode window (see Fig. 1).
Based on the kinematic Eqs. (6) and (7), the motion trails
are determined by the radius of the cathode tool Rc and the
angle of the cathode window h. The cathode design problem
in CRECM is different from the design of the block tool elec-
trode in conventional ECM.20 The convex of different heights
can be fabricated by controlling the processing time. When the
processing time t extends to 500 min, the height of the convex
proﬁle reaches to about 10 mm, indicating that the proposed
CRECM process is a feasible technology in fabricating highndaries in the mth circle during simulation.
Fig. 5 Flowchart of the simulation algorithm.
Table 1 Parameters used in the simulation process.
Parameter Value
Potential diﬀerence U (V) 15
Electrolyte conductivity j (S  m1) 9.5
Radius of cathode tool Rc (mm) 100
Initial radius of anode workpiece Ra0 (mm) 100
Initial minimum inter-electrode gap G0 (mm) 0.5
Feed rate of cathode tool f (mmmin1) 0.02
Rotation speed w (r/min) 1
Whole processing time T (min) 500
Time step Dt (min) 0.02
Fig. 7 Simulated anode proﬁles for a circular convex structure at
100 min.
538 D. Wang et al.convex structures on revolving parts. Furthermore, it is found
that the corner of the simulated convex proﬁle is sloped and
that stray corrosion also exists on the top surface of the convex
structure. This can be attributed to expansion of the side gap
during rotation of the electrodes, and the non-machined con-
vex structure will inevitably suffer stray current attack. For
Inconel 718, stray corrosion may become even more serious
due to its high current efﬁciency at low current density.21Fig. 6 Anode proﬁles of the convexFor a complex convex, the anode proﬁles vary along differ-
ent cross sections. Here, a cathode tool with a circular window
of 20 mm in diameter is chosen for study. Fig. 7 shows the
simulated convex proﬁles in different cross sections when the
processing time is 100 min. By combining these convex proﬁles
with the surface modeling software Pro/Engineer, the three-
dimensional shape of the circular convex can be approximately
predicted.structure with different heights.
Fig. 8 Variation of the inter-electrode gap at different process-
ing times.
Fig. 9 Current density variation of point Q during the rotating
process.
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In contrast to the traditional schemes of machining with linear
motion of a tool electrode, the time dependence of the inter-
electrode gap for cylindrical electrodes needs to be studied.
Despite the changes of the convex proﬁles, the radius of theFig. 10 Schematic diagram ocylindrical anode surface decreases with the cathode feed.
The inter-electrode gaps at different processing times are calcu-
lated during the simulation (see Fig. 8). It can be seen that the
inter-electrode gap G decreases with increasing processing
time, and ﬁnally remains at a stable value of 0.16 mm at a time
of approximately 90 min. This indicates that the CRECM pro-
cess can also reach a relative equilibrium state like that of con-
ventional sinking ECM. According to the simulated
balanceable inter-electrode gap, the corrosion depth of the
anode workpiece can be controlled by adjusting the feed
amount of the cathode tool.
Compared with the actual processing time of 500 min, the
numerical simulation process for the convex proﬁles takes only
about 85 min. It is effective and low-cost for the feasible pre-
diction of the CRECM process.
4.1.3. Current density variation
In conventional linear-feed ECM, the spark is likely to happen
due to the accumulation of electrolytic products. As the elec-
trodes are rotating during CRECM, the machining gap for
point Q on the cylindrical anode surface (see Fig. 1) varies con-
tinually. This results in a current density variation of point Q
during the rotating process. The current densities of point Q at
different rotation angles are obtained numerically. As shown
in Fig. 9, a cyclic variation of the current density of point Q
is found. The change period T1 depends on the rotation speed
w. During each cycle, the machining of point Q occupies only a
small portion of the processing time. This kind of pulse
processing can be beneﬁcial for the timely removal of elec-
trolytic products and the improvement of machining quality.4.2. Experimental verification
Previous simulation results have shown that the CRECM pro-
cess is feasible in the fabrication of convex structures on revolv-f the experimental system.
Fig. 11 Comparison of simulation and experimental results.
Fig. 12 Current signal acquisition during the experiment.
540 D. Wang et al.ing parts. An experimental system is developed and an experi-
ment is conducted to verify the validity of the simulation.
As shown in Fig. 10, the experimental set-up consists of an
electrode rotation and movement system, an electrolyte circu-
lation system, a power supply system, and a current direction
system. The cylindrical anode workpiece and the cathode tool
are mounted on two shafts, which can rotate relative to each
other at the same rotation speed w. Moreover, the cathode tool
can move along X direction and the anode workpiece can
move along Z direction during the experiment. To apply a
potential difference to the rotating electrodes, conducting rings
are installed on the shafts. The machining current is acquired
using a Hall current sensor and recorded using a real-time
acquisition system.
In this paper, a rectangular convex and a circular convex
are successfully fabricated at the same time, and the processing
time lasts for 100 min. The rectangular convex structure is
divided along its cross section, and the cross-sectional proﬁle
is shown in Fig. 11(a). To compare the top face contour of
the circular convex structure, the points that are on the same
arc radius are chosen from the simulated anode proﬁle in each
cross section (see Fig. 8). By connecting these points using
splines, the simulated top face contour of the circular convexstructure on a certain arc radius can be plotted (see Fig. 11
(b)). From the comparison, it can be observed that both the
cross-sectional proﬁle of the rectangular convex structure
and the top face contour of the circular convex structure
display good agreements with the simulated results.
The current signal acquired by the Hall current sensor dur-
ing the experiment is shown in Fig. 12. The ﬂuctuations of the
measured current are mainly caused by errors of the machine
tool and the cylindricity of the electrodes. It can be seen that
the current increases with increasing processing time. The
increasing current can be attributed to the decrease of the
inter-electrode gap. As the process continues, the current value
tends to remain constant, which indicates that the inter-
electrode gap reaches a relative equilibrium state. This is in
accord with the variation of the simulated inter-electrode gap
(see Fig. 8).
5. Conclusions
This paper has presented a convex shaping process on revolv-
ing parts using a revolving cathode tool during CRECM. The
conclusions can be summarized as follows:
(1) The ﬁnite element method has been used for the feasibil-
ity prediction on the convex shaping process. A mathe-
matical model and a simulation algorithm have been
extensively described.
(2) The simulated anode proﬁles at different processing
times have shown that the proposed ECM process is fea-
sible to fabricate convex structures with different
heights. The variation of the inter-electrode gap indi-
cates that the CRECM process can also reach a relative
equilibrium state like that of conventional sinking ECM.
Besides, the current density variation of a point on the
cylindrical anode surface has presented a pulse effect
during CRECM.
(3) A rectangular convex and a circular convex have been
successfully fabricated at the same time. The experimen-
tal results indicate relatively good agreement with the
Convex shaping process simulation during counter-rotating electrochemical machining by using the ﬁnite element method 541simulation results. The proposed simulation process is
valid for convex shaping prediction and feasibility stud-
ies as well.
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